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Resumo
Lesões no ligamento cruzado anterior (ACL) e ao nível patelofemoral têm grande impacto em
atletas femininas federadas e profissionais. Particularmente em atletas de voleibol, a incidência
em lesões ao nível do joelho relativamente aos movimentos de salto e queda, são maiores nas
mulheres em comparação com os homens.
Este estudo consistiu na investigação dos efeitos que os incrementos em altura em drop jumps
têm nos parâmetros neuromusculares, cinemáticos e cinéticos numa atleta feminina federada.
Além disso, foram alterados os parâmetros musculares do modelo musculoesquelético, de forma
a ser possível comparar atletas lesionados e saudáveis.
A aquisição do movimento humano relativo aos drop jumps e os dados electromiográficos
dos músculos quadríceps, isquitobiais e gastocnemius foi comparada com os valores da simulação
numérica. Para aspectos de analise foi apenas considerada a fase de queda, uma vez que é a
mais suscetível a lesão. Um modelo musculoesquelético foi desenvolvido com o foco no joelho,
dado que os modelos standard disponíveis não incluem patela, tendão patelar e ACL. Assim, a
articulação do joelho está mais próxima das caraterísticas anatómicas.
Os passos usados na simulação numérica consistiram no Scaling, Algoritmo de remoção de
residuais (RRA) e Optimização estática. Através destas ferramentas de simulação foi possível
estimar as ativações e forças musculares. Além disso, parâmetros do ACL como cumprimento das
fibras e energia absorvida, momentos Tibiofemorais (TF) e Patelofemorais (PF) foram também
estimados.
Os resultados obtidos demonstraram que o drop jump a 45 cm de altura foi o salto com maior
risco, apresentando maior adução da anca combinado com valgus do joelho. Relativamente à
comparação do atleta lesionado e saudável, o lesionado apresentou maior ativação dos quadríceps
e défice de força muscular, o que poderá traduzir mais esforço sobre o ACL e distúrbios patelares.
Em suma, este estudo deu origem a informação estimada numericamente que poderá ser bas-
tante benéfica na prevenção de lesões no ACL e PF. Baseado nesta informação será possível esta-
belecer programas de prevenção, de forma a assegurar a prática segura por parte dos atletas.
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Abstract
Anterior cruciate ligament (ACL) and patellofemoral (PF) injuries have high impact in female
recreational and professional athletes. In particular, volleyball female athletes have more incidence
of knee injures in jumping and landing tasks in comparison with male athletes.
This study investigated effects of increasing drop jump heights on neuromuscular, kinematic
and kinetic properties of the knee in one female recreational athlete. Furthermore, some muscular
parameters of the musculoskeletal model were modified, in order to match the anthropometry of
an injured athlete. In this way, it was possible to compare healthy and injured athletes in drop
jump tasks.
Motion capture data was obtained from drop jump trials and electromyography (EMG) data
collected from hamstrings, gastrocnemius and quadriceps which were then compared to numeri-
cal estimated activations. For analysis purposes it was selected only the landing phase which is
considered the most common phase for an injury to occur. A musculoskeletal model was designed
with major focus on the knee joint, since standard models do not include the patella, patellar ten-
don and ACL ligament. Hence, knee joint definition is proximal to the anatomical characteristics.
Numerical simulation tools used were Scaling, Residual reduction algorithm (RRA) and Static
optimization. Through these tools muscle activation and forces were computed. In addition, ACL
fibre length, ACL power, Tibiofemoral (TF) moments and Patellofemoral (PF) moments were also
computed.
Results showed that drop jump at 45 cm of height was the most dangerous trial, in which
higher hip adduction coupled with knee valgus were verified. Moreover, and regarding to the
comparison between healthy and injured, injured athletes showed higher quadriceps activations
and muscle weakness which may traduce ACL strain and patellar disorders.
In summary, this work provide some numerical estimation informations that could be helpful
for ACL and PF injury prevention. Based on this information preventive programmes may be
formulated in such way that athletes could practice sports safely.
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Chapter 1
Introduction
Volleyball has become an extremely popular participation sport worldwide. According to the
International Volleyball Federation, FIVB, approximately 800 million athletes practice this sport
which make it one of the world’s most popular (Reeser and Bahr, 2011).
Injuries are a common and unfortunate scenario that affects many volleyball athletes that are
associated to diverse factors. Such as gender, duration of training and competition, as well as
anthropometric and physical characteristics (Cassell, 2001). Most concretely, in volleyball game,
lower limbs injuries are more common with major incidence at knee level (Reeser and Bahr,
2011). Knee ligament rupture, patellar tendinitis and patellofemoral abnormal tracking are the
most commonly injuries in volleyball environment (Ferretti et al., 1992; Briner and Kacmar, 1997).
Although it should be noted that volleyball athletes are at risk of other injuries, including lower
back pain, finger sprains, contusions and abrasions (Reeser and Bahr, 2011).
Monitoring knee activity is essential to understand how it will be possible to predict injuries
affecting volleyball players. To monitor these injuries it is necessary to use systems that are able to
collect valid data from the knee, without compromising the athlete’s mobility. In recent decades,
ambulatory systems using miniature or micro-electromechanical systems (MEMS) inertial sensors
started to be proposed to monitor aspects of motor function in healthy subjects and patients in
sports natural environment (van den Noort et al., 2013; Favre et al., 2009; Feldhege et al., 2015).
The gold standard of these devices are the inertial measurement units (IMUs), that are composed
by three dimensional 3D rate gyroscopes and 3D accelerometers (Seel et al., 2014).
Experimental data by itself is not sufficient to extract important variables to predict knee in-
juries, since variables as the forces generated by the muscles are not generally measurable in
experiments(Delp et al., 2007; Kar and Quesada, 2012). For that reason, it is important to use sim-
ulations to study and estimate internal loading of the musculoskeletal system, and neuromuscular
coordination (Delp et al., 2007). Most importantly, the ability to simulate a specific injury makes
possible to extract important information about how this injury occurs. Indeed, the combination of
simulation tools and experimental data it is a accurate and strong way that could prevent injuries
scenarios. Moreover, could help athletes to improve their performance and training techniques
(Delp et al., 2007; Seth et al., 2011).
1
2 Introduction
1.1 Motivation
The continuous increasing of knee injuries in sports is a common scenario that are presented in ath-
letes careers. By this way, there is a need to help them to reduce the appearance of these injuries.
Image-based techniques as X-rays, computerized tomography (CT) and magnetic resonance imag-
ing (MRI) are the common diagnostic tools to asses knee joint condition. However, these tools
can not be used in sport game environment. Indeed, a novel method is needed to monitoring knee
joint in a way that allows the mobility of the athletes, but at the same time, extract important data
to prevent a possible injury.
1.2 Aim
The aim of this dissertation consists in the development of a methodology that allows to assess
knee joint effort in volleyball game movements. This may have potential applications in person-
alised training plans and injury prevention. By this way, through a combination of devices and
techniques, as human motion trackers, electromyography and simulations tools it will be possible
to make a precise and personalised analysis of knee joint efforts.
To achieve this goal, the following objectives were defined:
• Evaluation of drop jump effects in knee joint for specific cases
• Development of personalised biomechanical model to include patella, patellar tendon and
ACL
• Identification of changes to musculoskeletal parameters that characterise an injured athlete
• Identification of injury risk patterns
• Provision of relevant information to suggest preventive training programs
1.3 Structure
This report was organized in different chapters. Chapter 1 introduces the dissertation focus. In
chapter 2 the background and all the theory fundamentals applied on this work were explained.
Chapter 3 is relative to the materials and methods and chapter 4 to the obtained results and its
discussion. At least, chapter 5 is relative to the conclusions and future work.
Chapter 2
Background and theory fundamentals
The knee joint is an incredibly strong, intricate and complex part of human anatomy. In order to
evaluate how knee volleyball injuries occur, it is essential to understand the anatomical aspects
related to knee joint functioning. For that, it is necessary to explore the main components of knee
joint.
Moreover, it is important to understand all the theory fundamentals that are associated to sim-
ulation methodologies, as well as, the experimental setup that was used to acquire the kinematic
and kinetic data.
In this chapter, a general background of knee joint anatomy, knee volleyball injuries was pre-
sented. Furthermore, kinematic and kinetic of human motion approaches were evaluated. It was
also explained every step of simulation used in this work.
2.1 Knee joint
Knee joint it is the largest and one of most important joints in the human body (Fig 2.1). Its role
is to provide strength, support, and flexibility while standing, walking, running and sitting. To a
better understanding, joint concept is related to a place where two bones or more come together
allowing movement and providing support. As the knee is a synovial hinge joint, its function is to
permit the flexion and extension of the lower leg relative to the thigh (Seeley et al., 2005; Taylor,
2015). Oily synovial fluid is produced by the synovial membrane that lines the joint capsule and
fills the hollow space between the bones, lubricating the knee to reduce friction and wear (Seeley
et al., 2005; Taylor, 2015).
Functionally, the knee comprises two articulations, the patellofemoral and tibiofemoral. The
tibiofemoral articulation is a condylar joint formed between three bones (femur, tibia and patella),
whereas the patellofemoral articulation is a gliding joint (Kreder and Hawker, 2010). The tibiofemoral
joint allows transmission of body weight from the femur to the tibia while providing hinge-like,
sagittal plane joint rotation along with a small degree of tibial axial rotation (Flandry and Hom-
mel, 2011). In other hand, patellofemoral articulation in addition with quadriceps muscle group
act to dissipate forward momentum as the body enters the stance phase of gait cycle (Flandry and
3
4 Background and theory fundamentals
Figure 2.1: a) Ligaments and muscle of knee joint. b) Femur and tibia connection supported by
menisci cartilage (Flandry and Hommel, 2011).
Hommel, 2011).
In terms of stability, this joint is governed by a combination of static ligaments, dynamic mus-
cular forces, meniscocapsular aponeurosis, bony topography, and joint load (Flandry and Hommel,
2011).
2.1.1 Bones and ligaments
Beyond femur and tibia knee joint is composed by other bones as the patella and trochlea. The
patella is the largest sesamoid bone in the body. It resides within the trochlear groove of the
distal femur and links the extensor mechanism through connections to the quadriceps tendon at
its superior pole and the patellar tendon at its inferior pole (Sherman et al., 2014). At least, the
trochlea is formed by the anterior aspect of the distal femur and has a centralized trochlear groove
with associated medial and lateral facets (Sherman et al., 2014). The condyles help to stabilize the
patella, preventing lateral translation (Thomas et al., 2014).
In terms of ligaments, it is important to mention capsular, cruciate and collateral ligaments.
Capsular ligaments compose the static tibiofemoral ligaments and are involved in tibiofemoral
stability (Flandry and Hommel, 2011). Together, these structures cup and buttress the posterior
aspect of the femoral condyles accommodating their increasing volume in knee extension and
decreasing volume in knee flexion (Flandry and Hommel, 2011). Relative to cruciate ligaments
these are divided in anterior and posterior cruciate ligaments. The first one plays an important
role in preventing the hyperextension of the knee by limiting the anterior movement of the tibia
(Seeley et al., 2005). The second one prevents the posterior movement of the tibia relative to the
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Figure 2.2: Knee flexors and extensors muscles (Flandry and Hommel, 2011).
femur (Seeley et al., 2005). Moreover, collateral ligaments stabilize the medial and lateral sides of
the knee (Seeley et al., 2005).
2.1.2 Muscle and Tendons
Muscles are important structures for knee flexion and extension movement. They are attached
to the femur, tibia, and fibula through the ligaments (Seeley et al., 2005). The quadriceps is the
sole muscle group that crosses the patellofemoral joint, making it the primary contributor of the
knee extensor mechanism (Shalhoub and Maletsky, 2014). It is formed by the convergence of
four muscles represented in figure 2.2: the rectus femoris, vastus medialis, vastus lateralis, and
vastus intermedius (Sherman et al., 2014). In other hand, knee flexor mechanism is composed by
seven muscles: semi-tendinosis, semi-membranosis, biceps femoris, sartorius, gracilis, popliteus
and gastrocnemius. Although the main function of these muscles is knee flexion, some mus-
cles performs knee internal (semi-tendinosis, semi-membranosis, popliteus) and external (biceps
femoris,sartorius) rotations (Flandry and Hommel, 2011).
Tendons are elastic tissue that technically compose part of the muscles and connect them to
the bones (Seeley et al., 2005). There are two main tendons in the knee: patellar and quadriceps
tendons. The patellar tendon is the continuation of the quadriceps tendon, composed mostly of the
rectus femoris component passing over the anterior aspect of the patella, and inserts on the tibial
tubercle (Thomas et al., 2014). The quadriceps tendon is the common tendon formed between the
myofascial junctions of the superficial layer of the rectus femoris muscle, the middle layers of the
vastus medialis and vastus lateralis muscles, and the deep layer of the vastus intermedius muscle
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(Thomas et al., 2014). Biomechanically, the quadriceps tendon and the patella are integral parts of
the active and passive extensor mechanisms of the knee joint (Thomas et al., 2014).
2.1.3 Knee cartilage
Cartilage tissue at knee joint is composed from two different types: menisci and articular cartilage.
Articular cartilage is a white, smooth, fibrous connective tissue that covers the ends of bones
and protects the bones as the joint moves (Sherman et al., 2014). The articular cartilages of the
knee cover the ends of the femur, the top of the tibia and the back of the patella (Sherman et al.,
2014). This characteristics allow that bones move against each other easily and without pain.
Characterized as complex anatomy, menisci serve a variety of biomechanical functions such as
load bearing, constituting a contact area, guiding rotation, and stabilizing translation (Flandry and
Hommel, 2011). It is composed in two parts, medial and lateral menisci. Once the menisci are
shaped like a shallow socket to accommodate the end of the femur, they help the ligaments in
making the knee stable (Flandry and Hommel, 2011).
2.2 Voleyball knee injuries
Although volleyball be a non-contact game in which players of opposing teams are separated
by a net, there a prevalence of some injuries. This sport involves rapid and forceful movements
that contribute for the appearance of these injuries (Ferretti et al., 1992). The most usual at knee
level are patellofemoral abnormal tracking, and ligament injuries (Ferretti et al., 1992; Briner and
Kacmar, 1997).
2.2.1 Patellofemoral abnormal tracking
Patellofemoral abnormal tracking is one of the most common knee dysfunctions with high preva-
lence (25%) in general population (Wilson et al., 2009). This disease can be defined as movement
of the patella out of its normal position (Golant et al., 2013). A large spectrum of disease including
patellofemoral pain, instability, focal chondral disease, and arthritis are associated to this disorder
(Sherman et al., 2014).
In normal patellar tracking, illustrated in figure 2.3 a), the patella acts to magnify either force or
displacement, depending on the activity, and helps to increase the moment arm of the quadriceps
(Thomas et al., 2014). When the knee begins to flex, a medial patellar shift is produced and
the patella stays centred as it engages the trochlear groove (Sherman et al., 2014). As flexion
increases the contact area of the patella increases, and moves from distal to proximal in femur
direction. Once the knee flexes past 90 degrees the quadriceps tendon contacts the trochlea and
absorbs some of the joint reaction force (Sherman et al., 2014). Between 90 and 135 degrees
of knee flexion, the patella rotates, and the ridge that divides the medial and odd facets engages
the femoral condyle (Sherman et al., 2014). In full extension the patella remains in a slightly
lateralized position (Wilson et al., 2009; Sherman et al., 2014) . However, abnormal tracking
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Figure 2.3: a) Patellofemoral joint simulation in different angles. b) Patellar tracking throughout
knee flexion and extension movement. c) Patellar tilt (Yu and Sun, 2014).
is characterised as a different scenario in which lateral patellar translation and spin are presence
(Wilson et al., 2009). In addition, abnormal central tracking within a normal trochlear groove and
patellar tilt are other factors of abnormal patellar tracking (Wilson et al., 2009; Sherman et al.,
2014). This phenomenon is described is figure 2.3c)
Indeed, some anatomic abnormalities could be responsible to this disorder. Weakness of the
vastus medialis oblique may cause the patella to shift and rotate laterally during knee flexion (Wil-
son et al., 2009). Furthermore trochlear dysplasia, patella alta or baja, absence of static medial
soft tissue restraints and tibial tubercle position predisposes the patient to this biomechanical ab-
normality(Sherman et al., 2014).
Actually, a variate clinical procedures represented in table 2.1 are used to detect Patelofemoral
abnormal tracking. Moreover other solutions as electromagnetic sensors, three dimensional (3D)
video analysis markers, goniometers, coordinate measuring machines and clamping techniques
are used to evaluate patellar tracking (Bey et al., 2008; Wilson et al., 2009).
2.2.2 Knee ligament injuries
Knee ligament injuries is other injury that affects volleyball players with major incidence in female
athletes (80% vs 20%) (Fulkenson, 2004; Zahradnik et al., 2014; Nyman and Armstrong, 2015).
Anatomical different structures and hormonal behaviour could be the reason for such difference
(Cassell, 2001). The most reported cases in the literature correspond to anterior cruciate ligament
(ACL) injury (Ferretti et al., 1992; Zahradnik et al., 2014). ACL injury is a serious and common
problem in volleyball with an incidence of ACL rupture as two injured athletes per 100,000 athletes
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Table 2.1: Current diagnostic procedures (Thomas et al., 2014; Wilson et al., 2009; Golant et al.,
2013; Fulkenson, 2004).
Method State Advantages Disadvantages
Q-angle Dynamic and static
Malalignment that increases
the Q-angle increases the
laterally-directed forces,and
thus predisposes to patellofemoral
instability
Indirect measurements.
Fluoroscopy Dynamic and static
Reasonable levels of theoretical
accuracy. Dynamic approach
Exposure to ionizing radiation.
Abnormal motion.
Radiography Static
Evaluation of PF articulation,
morphology of patella, size
of the patella with
respect to the trochlea.
Only static movements.
Distortion of the patella
with the patient prone.
Lack of adequate visualization.
CT Static
Useful for assessing bony
anatomy and malalignment
High exposure to radiation.
Limited scanning plane.
Alteration of the image
by artefacts.
MRI Static
Very useful for identifying
articular cartilage damage
and osteochondral fragments.
Long imaging times.
Require the patient to contract,
the quadriceps muscle
for long periods, and they
cannot evaluate functional
tasks during full
weight-bearing.
Ultrasound Static and dynamic
Accuracy and predictive
value in identifying the
location and severity of
the medial patellofemoral
ligament.
Limited depth of penetration,
lack of penetration of bone.
during one hour in male volleyball (Zahradnik et al., 2014).
Biomechanically, the most common injury scenario is characterised by rapid changes of di-
rection, sudden deceleration, high ground reaction forces, rapid loading times and landing from a
jump (Zahradnik et al., 2014; Nyman and Armstrong, 2015). Ferretti et al. (1992) reported that the
most frequent mechanism of injury in volleyball was landing from a jump in the attack zone. In
this characteristic movement, when the athlete contacts with the ground, a combination of valgus
loading with either knee internal rotation or external rotation moments increases the tensile force
in the ACL (Zahradnik et al., 2014). Moreover, deficits in knee flexion and low knee separation
distance during the first 40 ms following initial ground contact increases the predisposition for
ACL injury (Nyman and Armstrong, 2015).
ACL tears and injuries in menisci cartilages are the consequence of the previous related factors
(Briner and Kacmar, 1997). The first one has greater incidence and is related to partial or complete
disruption of the ligament tissue (Zahradnik et al., 2014; Briner and Kacmar, 1997).
Energy absorption by leg muscles during landing are an important issue that are associated to
ACL prevention (Zahradnik et al., 2014; Nyman and Armstrong, 2015). This factor may reduce the
amount of energy transferred to the capsule-ligamentous (Zahradnik et al., 2014). Neuromuscular
training begins to emerge as a solution for real-time feedback training for improving bilateral
peak knee flexion angle and peak knee separation distance in drop jumps landings (Nyman and
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Armstrong, 2015).
2.2.3 Risk factors
Excessive hip adduction coupled with knee valgus, internal rotaion and low flexion angle is a risk
factor that are associated to ACL injury and patellofemoral dysfunction (Hewett et al., 2005a; Dai
et al., 2014). One of the causes for this phenomenon is related to hip muscles strength reduc-
tion (Powers, 2010). Muscle activation decrease relative to medial quadriceps and hamstrings are
associated to an increase in knee valgus (Harput et al., 2014). Patellar maltracking is commonly as-
sociated to the atrophy of vastus medialis obliquus. It was been demonstrated by (Pal et al., 2014)
that patients with patellar maltracking correlates with a delayed activation of the vastus medialis
obliquus. As consequence, knee valgus influence the patella tracking leading to a lateralization of
the patella (Petersen et al., 2014).
2.3 Kinematics
Kinematics consists in the study of human motion without considering the presence of forces that
cause the movement. Through this analysis it is possible to quantify the role of movement between
segments and joints. These two properties are considered a system of particles that form a rigid
body with the ability of both translational and rotational motion (Chèze, 1984; Shull et al., 2014).
By other hand, kinematics also allows the study of the velocities, accelerations and positions of
this rigid body (Heintz, 2006).
An important role is to define the different joint actions that result from different types of
human movement or motion. To a better understanding, figure 2.4, represents the different axes
that represent human global reference system (Chèze, 1984). This reference system is useful to
identify the anatomical planes and axes of motion.
2.4 Joint and segment Kinematics
Human joints are composed by the connection of two different body segments as femur, ankle,
tibia, foot, pelvis and others. The joint definition is based on distal and proximal body segments,
being that, distal segment is closest from the ground. By this way, joint motion is defined as the
motion of the distal segment relative to the proximal one (Chèze, 1984; Hicks, 2012). According
to the motion performed, these two rigid body segments attached in a certain joint change.
As mentioned before this kind of joint can perform rotational and translational movements.
Considering just rotational movements, these could be characterised as the motion around the
three dimensional coordinate system. Cardan sequence of rotation which is widely used in Biome-
chanics, describes the sequence of rotation of the different axis rotate about (Chèze, 1984; Cole
et al., 1993; Heintz, 2006). The first rotation, θ1, is relative to X
′
axis to get X
′
, Y
′
, Z
′
; the second
rotation, θ2 ,is relative to Y
′
to get X
′′
, Y
′′
, Z
′′
; the third rotation,θ3, is relative to Z
′
to get X
′′′
, Y
′′′
,
Z
′′′
(Heintz, 2006); These rotations could be written trough the 3x3 following matrix (Kar, 2011):
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Figure 2.4: a) Orientation of the global reference coordinates system (GCS); b) Moments at lower
limb joints (Kar, 2011).
 X
′′
Y
′′
Z
′′
=
 c(θ3)c(θ2) s(θ1)s(θ3)c(θ2)+ c(θ1)c(θ2) −c(θ1)s(θ3)c(θ2)+ s(θ1)s(θ2)−c(θ3)c(θ2) −s(θ1)s(θ3)c(θ2)+ c(θ1)c(θ2) c(θ1)s(θ3)c(θ2)+ s(θ1)s(θ2)
s(θ3) −s(θ1)c(θ3) c(θ1)c(θ3)
=
 X
′
Y
′
Z
′

(2.1)
where the proximal [X’,Y’,Z’] coordinate system is rotated into the distal [X”,Y”,Z”] coor-
dinate system. In this way, the three rotational motion angles are identified. Motion defined as
flexion and extension occurs around the transversal axes(y-z plane), abduction (moving out from
the body) and adduction (toward the body) occurs around anteroposterior axes (x-z plane) and
at least, internal and external rotations occurs around longitudinal axes (x-y plane) (Cole et al.,
1993).
2.5 Kinetics
Kinetics examine the forces that act on human body. Knowledge about this forces is important to
understand their influence in human movement. Internal forces are related to joint contact forces,
muscle, tendon and ligament activity (Godfrey et al., 2008; Seth et al., 2011). External forces
consists in ground reaction forces, applied forces to musculoskeletal system and segment weight
(Heintz, 2006).
Kinetic forces and moment on the joints, consists in the summation of the external forces such
as gravitational and ground reaction forces in addition with, internal forces and moments applied
by the muscles, ligaments and tendon in the distal and proximal segments. This approach is based
on Newton’s second law of motion and Euler dynamic equation (Heintz, 2006):
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R = ma
M = Iα
(2.2)
where m is the mass of the object, a is the linear acceleration, I, is the mass moment of inertia,
α is the angular acceleration. M and R, correspond to the muscle moments and reaction forces,
respectively.
2.6 Inverse dynamics
Inverse dynamic analysis is a method for computing the net joint moments, net joint powers and in-
tersegmental forces through kinematic motion and inertial properties (Heintz, 2006; Hicks, 2012).
These approach relies in solving Newton’s second law described in equation 2.3 across the human
body segments (Bisseling and Hof, 2006; Vlietstra, 2014). Generally, this evaluation starts at foot
segment with the ankle joint forces and moments, and progress segment by segment, using the
results of the previous segment (Bisseling and Hof, 2006; Vlietstra, 2014).
Figure 2.5: Lower limbs body segments moments of inertia, reaction forces, masses and joint
moments (Heintz, 2006).
Defining the forces in the y direction the moment relative to the proximal joint to the ground
(ankle) could be describe as M1 (Heintz, 2006; Bisseling and Hof, 2006):
∑Ry1 = m1ay1 = fGRFy1+Ry1−mg
∑M1 = Iα = fGRFy1dGRFy1+Ry1dy1+M1
(2.3)
where dy1 describe the moment arm to the reaction force Ry1 to the ankle joint , dGRFy1 describe
the moment arm to the ground reaction force fGRFy1 to the ankle joint. Through kinematic data it
is possible to extract linear and angular acceleration, a and α respectively. Each bone segment
associated to a joint has a certain weight, described as mg and located at the centre of mass
(COM). Moment of inertia, I, is evaluated from anthropometric tables available in the literature.
According with Newton’s third law, there is an opposite and equal force at each joint (Bisseling
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and Hof, 2006). In this way, knee joint moment and forces are obtained applying opposite and
equal reaction force on the shank segment (Heintz, 2006; Bisseling and Hof, 2006).
It is important to understand that, inverse dynamics approach does not provide information
about the contribution of individual muscles (Bisseling and Hof, 2006; Vlietstra, 2014). For in-
stance, a net moment could be evaluated from a single antagonistic muscle or from two muscle,
one antagonistic and other agonist.
2.7 Electromyography
Muscle contractions is described as an electrical response of muscles to the excitations provided
by the central nervous system. Electromyography is a quantification method of these electrical
signals that are associated to muscle activations (Merletti and Parker, 2004). Furthermore, elec-
tromyographic signal allows to collect information relative to intervals of muscle activity, muscle
fatigue and intensity of muscle activation (Merletti and Parker, 2004; Farfán et al., 2010; Jamal,
2012).
Generally there are two types of EMG, surface and intramuscular EMG. Surface EMG (sEMG)
and intramuscular EMG signals are recorded by non-invasive and invasive electrodes respectively.
Due to the invasive characteristic, sEMG is widely used by the research community. However
several signal contaminations are verified in this approach. Electrical noise and biological biases
as skin artefacts and muscle cross-talk are the most common (Merletti and Parker, 2004; Farfán
et al., 2010). By this way, it is essential to use processing techniques to attenuate these biases.
Information relative to EMG data acquisition and processing used in this thesis is described in the
chapter 3.
2.7.1 Surface EMG Electrodes placement and types
Surface EMG electrodes are structures that provide a simple and non-invasive measurement of
EMG signals (Jamal, 2012). There are two types of electrodes: gelled and dry electrodes Merletti
and Parker (2004); Farfán et al. (2010).
Beginning in the gelled electrodes, these are characterised by an interface between them and
the skin. Gelled electric substance assures this interface and increases the signal acquisition accu-
racy. Other important part of these electrodes is the metal junctions where oxidation and reduction
reactions take place (Merletti and Parker, 2004; Jamal, 2012). Silver- silver chloride (Ag-AgCl)
is the commonly used composites for the metallic part of gelled electrodes. As advantage AgCl
layer increases the acquisition of the muscle potential across the junction between the electrolyte
and the electrode (Farfán et al., 2010; Jamal, 2012). Compared with equivalent metallic electrodes
(Ag) these introduces less electrical noise into the measurement (Farfán et al., 2010).
In contrast, dry electrodes do not use a gel interface between the detection surface and the
skin. Array and bar electrodes are examples of dry electrodes (Jamal, 2012). These electrodes are
characterised by multiple detecting surfaces.
2.7 Electromyography 13
Electrodes placement is an important topic of EMG, once this placement could affect the ac-
quired signal. In this way, a correct location of electrodes should be assured. For a good extraction
of EMG signal, the electrode should be placed between the motor unit and tendinous insertion of
the muscles (Merletti and Parker, 2004; Jamal, 2012). Moreover, the longitudinal axis of the
electrode should be parallel relative to the directions of muscles fibres as illustrated in the figure
2.6. Other important concern is skin preparation. This procedure is important to reduce the skin
Figure 2.6: Electrodes ideal placement along the muscles (Jamal, 2012).
impedance, in order to acquire a good EMG signal. Usually an abrasive gel is used to reduce the
dry layer of the skin (Jamal, 2012).
2.7.2 EMG filtering
Butterworth digital filters are often used to smooth biomechanical data, such as EMG signal. Band
pass, low pass and high pass Butterworth digital filters could be applied. Basically, these filters
are sophisticated moving average filters with optimally flat in their pass-band response (Robertson
and Dowling, 2003).
Applying these filters to the raw EMG signal it is possible to smooth high and low frequencies
components that contaminate the signal. Butterworth filter frequency response is defined as a
“Maximally flat” once the pass band response is characterised as flat as between 0 Hz (DC) until
the cut off frequency (Basic Electronics Tutorials, 2015). Indeed and in accordance in the figure
2.7, the higher the Butterworth filter order, the closer the filter becomes to the ideal “Brick wall”
response (Basic Electronics Tutorials, 2015).
In equation 2.4 is represented the frequency response related to the Butterworth filter order
(Robertson and Dowling, 2003; Basic Electronics Tutorials, 2015):
H( jω) =
1√
1+ ε2
(
ω
ωp
)2n = 1√
1+ ε2
(
2pi f
2pi fc
)2n (2.4)
where n represents the filter order, fc the cut-off frequency, f the frequency and ε is the maximum
pass band gain.
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Figure 2.7: Frequency response of Butterworth filter in different order (Basic Electronics Tutorials,
2015).
2.8 Force platforms
Force platforms are structures that provide biomechanical data relative to the interaction between
subject and the ground. Ground reaction force is the force supplied by the ground, and is described
as the reaction to the force applied by the foot on the ground (Cavanagh and Lafortune, 1980).
These structures are composed by four tri-axial piezoelectric sensors, in which, the measured
changes in pressures and forces are converted in electric voltage. The tri-axial axis corresponds
to: transverse(X), anteroposterior(Y) and vertical plane (Z). Every single force (F) measure in the
force plate is a result of the sum of the forces on the four sensors (Singhal et al., 2015). This
method is represented in figure 2.8. It also should be noted the free moment (Tz) represented in
the vertical component. This moment corresponds to coupling effects of the forces around de Z
axis (Singhal et al., 2015).
Other important information that could be extracted from force platforms is the centre pressure.
This corresponds to the point of application of the ground reaction forces on the plate (Cavanagh
and Lafortune, 1980).
Figure 2.8: Force platform architecture and force diagrammed force vector (C-Motion, 2015).
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2.9 Motion capture system
Motion capture systems are widely used in biomechanics studies to capture human movements
(Reinbolt et al., 2011; Kar and Quesada, 2012; Steele et al., 2012; DeMers et al., 2014). Gener-
ally, motion capture techniques employs optical methods composed by a set of markers attached
on the subject (Kirk et al., 2005). An array of cameras disposed around the laboratory observe
and process the motion performed by the markers. A triangulation method is used based on the
projection of the marker onto each camera plane. This method allows the time-varying location in
space of each marker (Kirk et al., 2005).
Figure 2.9: Optical motion tracker example architecture.
Important considerations when using this kind of system should be defined. First, has to be
created a model that match the subject physical properties (Schönauer et al., 2011). Then, in
order to determinate the subject movements, it is essential this model match the marker positions
(Schönauer et al., 2011).
Once the signal is acquired it is crucial to process this data, in order to extract kinematic pa-
rameters, such as angles calculation. This step is necessary because the recorded data correspond
only to the individual marker motion.
Consequently, it is necessary to define a marker labelling to identify each marker in its anatom-
ical reference (Kurihara et al., 2002; Schönauer et al., 2011). After that, the model is defined by
the connection of the markers in such way that replicates the human model. This increases the
perception of the motion data, and then allows the calculation of body joint angles (Kurihara et al.,
2002). Further information about this subject are explained in the following chapter.
2.10 Simulation
2.10.1 Musculotendon model
An important goal of this thesis is to understand the muscular behaviour during sport tasks, and
how muscle react to an injury scenario. Hill-type musculotendon actuators are widely used in
muscle-driven simulations (Zajac, 1989; Thelen, 2003; Millard et al., 2013). These actuators rep-
resents the musculotendon dynamics of human body muscle-driven simulations. Simplifications
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relative to muscle architecture should be considered relative to musculotendon models. Muscle
fibres geometry are assumed to be straight, parallel, coplanar and of equal length (Zajac, 1989;
Millard et al., 2013). Musculotendon actuators consists in extensible strings tat wrap, and attach
around biological structures as bones and tissues (Millard et al., 2013).
Hill-type muscle model is characterised by four characteristic curves that are represented in the
following figure (Zajac, 1989; Thelen, 2003; Millard et al., 2013). In figure 2.10a) it is represented
the musculotendon actuators phases which comprise an active contractile element, a passive elastic
element, and at least, an elastic tendon (Millard et al., 2013). Moreover, it is important to distinct
the dynamics of muscle tissues. Activation dynamics consists in the transformation of the neural
excitation, provided by the nervous system, to activation of the contractile apparatus (Zajac, 1989).
Muscle contraction relies on the transformation of activation on muscle force (Zajac, 1989).
Active force length curve f M(l
M
) represents the force that a muscle is capable of f M0 , relative
to their nonlinearly length lM0 (Millard et al., 2013). This force is generated by an active tension
when the nervous system excites the muscles.
Figure 2.10: a) Hill-type model used to describe musclotendon dynamics. The model consists of
a muscle contractile element in series and parallel with elastic elements (Thelen, 2003). b) ten-
don force-length curve; c) active and passive-force-length curves; d) force-velocity curve. These
curves were normalized by the peaking at a force of f M0 (Millard et al., 2013).
Passive-force-length f PE(lM) consists in the force generated by the muscle that was stretched
by a certain threshold of length, but is not fully activated. Muscle forces varies non-linearly with
its rate of lengthening during non-isometric contractions (Millard et al., 2013). This behaviour is
represented by the force-velocity curve f V (lM).
Tendons are responsible to attach the muscles to the bones. These structures has elastic be-
haviour under tension, once they could stretch beyond its slack length lTs . By this way, tendons
are modelled through a tendon-force-length curve f T (lT ) that represents the force developing by
a non-linear elastic element (Zajac, 1989; Millard et al., 2013).
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Applying these previous curves it is possible to compute muscle force (Millard et al., 2013):
f M = f M0 (a f
L(l M) f V (v M)+ f PE(l M) (2.5)
where a is the muscle activation. Muscle activation dynamics relies in a relation between muscle
excitation (u) and muscle activation through a non-linear first order differential equation (Thelen,
2003):
da
dt
=
u−a
τa(a,u)
(2.6)
where τa(a,u) is a time constant that varies according to activation levels (Thelen, 2003):
τa(a,u) =
{
τa(0.5+1.5a);
τdeact/(0.5+1.5a);
u > a
u≤ a (2.7)
where τa is the activation time constant and τdeact is the deactivation time constant. This relation
concludes that the activation slows as activation level increases, once the levels of calcium pro-
vided by the sarcoplasmic reticulum to the muscle fibres are less efficient (Zajac, 1989; Thelen,
2003). Similarly, deactivation slows when muscle activation decreases due the fact the sarcoplas-
mic reticulum has less calcium ions to collect (Thelen, 2003).
2.10.2 Musculoskeletal model
In order to analyse knee joint injuries, it was necessary to use and develop a musculoskeletal model
that best match and characterize human properties. An OpenSim model represents the dynamics
of a system of rigid bodies and joints that are acted upon by forces to produce motion (Delp et al.,
1990, 2007; Millard et al., 2013; Hicks et al., 2015). In this way, it was used a generic OpenSim
model (Gait2392) as starting point to reach the goals of this thesis 2.11.
The Gait2392 model features 92 musculotendon actuators to represent 76 muscles in the lower
extremities and torso. Moreover, this model includes three-dimensional, 23-degree-of-freedom
joints of the human musculoskeletal system. Information relative to muscle parameters and inertial
properties were described in Appendix.A. Once this model does not have patella, knee ligaments
and patellar tendon, it was necessary to develop this human structures. Patella modulation and
knee ligaments are explained in the following chapter.
2.10.3 Scaling
A major importance of simulation is ensure that a model is consistent with the human that was
analysed. Scaling tool has the ability of scale the model to represent the experimentally measured
size of the subject (Delp et al., 2007; Reinbolt et al., 2011). This procedure is based on relative
distances between pairs of markers obtained from a motion capture system and the corresponding
virtual marker location in the model (Delp et al., 2007). Moreover, this tool adjusts both the mass
properties (mass and inertia tensor), as well as, the dimensions of the body segments (Delp et al.,
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Figure 2.11: Musculoskeletal model Gait2392 (Delp et al., 1990).
2007; Reinbolt et al., 2011). Muscle properties as tendon slack length and fibre lengths, are also
scaled in order to remain with the same percentage of total actuator length (Delp et al., 2007).
Manual scale factors also could be applied to the model. This approach is based in anthropometric
analysis.
Scaling is one of the most important steps in solving inverse kinematics and inverse dynamics
problems because these solutions are sensitive to the accuracy of the scaling step (Delp et al.,
2007; Shull et al., 2014). Generally, a static position is adopted to record the experimental marker
position.
2.10.4 Inverse Kinematics
Inverse kinematics quantifies a set of joint angles and positions for the model that closely match
the experimentally measured kinematics of the subject. Every time frame of an experimental trial
is analysed, and according to this analysis, generalized coordinate values (angles and positions)
are computed to a pose that match the experimental kinematics (Delp et al., 2007). This "match"
is the pose that minimizes a sum of weighted squared errors of markers and/or coordinates (Delp
et al., 2007; Reinbolt et al., 2011). After this step it is possible to see the motion that was matched
in the user interface. It should be noted that this kind of evaluation only relies in kinematics.
Muscle information is not processed is this tool.
2.10.5 Residual Reduction algorithm
Generally, modelling and marker processing data are associated to some errors, which in a certain
point, aggregate and lead to non-physical compensatory forces known as residuals (Anderson
and Pandy, 1999; Kar and Quesada, 2013; Hicks et al., 2015). Residual reduction algorithm is a
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process of optimization relative to joint forces calculation and kinematic biases (Delp et al., 2007;
Kar and Quesada, 2013).
From Newton’s second law, the following equation relates the measured ground reaction force
and gravitational acceleration to the accelerations of the body segment (Delp et al., 2007):
~Fexternal =
segments
∑
i=1
~mi~ai−~Fresiduals (2.8)
~Fresiduals = madditionalgacc (2.9)
where ~Fexternal corresponds to the ground reaction force, which is defined by the mass of each body
segment, ~mi, and~ai its translational acceleration. ~Fresiduals is defined by the additional mass due to
residuals madditional , and gacc gravitational acceleration.
Based on equation 2.9, the residuals are associated to an additional mass that will be assumed
in the segment mass calculation (Kar, 2011). The main advantage of this algorithm, is the ability of
processing the kinematics of the model from Inverse Kinematics, in order to, be more dynamically
consistent with the ground reaction force data (Hicks et al., 2015). For that, residuals are reduced
by small adjustments to the mass parameters of the model, as well as, controlled perturbations
to the motion trajectory (Delp et al., 2007). Changes at the location of the centre of mass of the
torso, are recommended by this algorithm once contributes to the reduction of residuals during the
movement (Delp et al., 2007).
2.10.6 Static Optimization
Muscle activations and forces during sports tasks are important information to understand how
an injury scenario occurs. Most important is the ability to process this information, in order to,
prevent this from happen. Static Optimization is a method that estimates muscle forces and acti-
vations that satisfy motion parameters as accelerations, positions, velocities and ground reaction
forces (Anderson and Pandy, 2001). Indeed, it is an inverse dynamics approach. This method is
defined as “static” once estimations are performed without integration of equations of motion be-
tween time steps. As these estimations are performed only at each time frame, Static Optimization
can be very fast and efficient. However ignores activation dynamics and tendon compliance (Lin
et al., 2011)
Based on musculoskeletal geometry assumptions about force distribution to estimate individ-
ual muscle forces are evaluated. However, this technique relies in a muscle force distribution
problem. Since the musculoskeletal system is mathematically a redundant force system, as con-
sequence, has more unknown forces that equilibrium equations (Heintz, 2006). In this context,
optimization methods based on performance criterions are widely used to solve this problem (An-
derson and Pandy, 2001; Heintz, 2006; Hewett et al., 2005b).
The muscle activation-to force conditions output from Static Optimization were defined based
on the following equations (Anderson and Pandy, 2001):
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where am is the activation level of the muscle m, at a discrete time instant defined by (ti). Each
muscle was assumed to be an ideal force generator:
Fm(ti) = am(ti)F0m (2.10)
where Fm(ti) is the force generated by the m muscle and correspond to its maximum isometric
force. In contrast, force generator could be constrained by force-length-velocity properties:
Fm(ti) = am(ti) f (F0m, lm,vm) (2.11)
where f (F0m, lm,vm) correspond to the force-length-velocity assumed in the musculoskeletal model,
and the shortening velocity and the length of muscle m (Zajac, 1989).
The performance criterion relies on minimizing the activation squared summed across all the
muscles (Anderson and Pandy, 2001):
Ji =
musculotendon−actuators
∑
m=1
(am(ti))
2, i = 1, ..,nsegments (2.12)
Other methodology used in Static Optimization, as a performance criterion, is minimize the
muscle stress, once activation level could be described such as (Anderson and Pandy, 2001; Hicks
et al., 2015):
am =
Fm
F0m
= k
Fm
PCSA
(2.13)
Ji =
musculotendona−actuators
∑
m=1
(
k
Fm
PCSA
)2
≈
musculotendon−actuators
∑
m=1
(am(ti))
2, i = 1, ..,nsegments (2.14)
where k is a user defined constant.
2.10.7 Analyse tool
The major goal of a simulation is the ability of answering to specific research questions. By this
way, Analyse Tool (figure 2.12) included in OpenSim, allows to analyse a model or simulation
based on a number of inputs that were performed in different phases of simulation. The major
advantage of this tool is that require low computational time. As consequence, has the ability of
quickly process kinematic, kinetic and muscle data in order to provide contents relative:
1. Muscle analysis: Reports all attributes of all muscles (including fibre length and veloc-
ity, normalized fibre length, pennation angle, active-fibre force, passive-fibre force, tendon
force, and more).
2. Joint reactions: Calculation of resultant forces and moments at joints.
3. Actuation: Records the generalized power, speed and force developed by each actuator of
the model.
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4. Kinematics: Generalized coordinates, speeds and accelerations.
Figure 2.12: Analyse tool inputs and outputs data (Groote et al., 2016).
2.10.8 Joint reaction
Joint Reaction it is an OpenSim analysis tool which calculates resultant moments and forces at
the body joints (Steele et al., 2012; DeMers et al., 2014). This method is applied between two
contacting bodies as a result of all the forces acting on the model. These forces and moments
represents the internal load, in which joints structures are subjected at a certain motion (Steele
et al., 2012; DeMers et al., 2014). For instance, this approach reports the sum of contact forces
between femur and patella.
In order to, perform this analysis it is essential to solve generalized equations of motion (Steele
et al., 2012). These equations are related to generalized coordinates and generalized forces of the
model. For that, Joint Reaction uses the output files of Static Optimization and RRA, kinemat-
ics and muscle forces respectively. Therefore, a post processing procedure is used to calculate
resultant joint loads (Steele et al., 2012; DeMers et al., 2014):
~Rknee = [M]tibia~atibia− (~Rankle+∑~Fmuscles+~Fgravity) (2.15)
where ~Rknee is the force from the femur on the tibia, [M]tibia is the matrix of inertial properties of
the tibia,~atibia is the six dimensional angular and linear acceleration of the tibia, ~Rankle is the force
from the foot on the tibia, and ~Fgravity and ~Fmuscles are the gravitational and muscle forces acting
on the tibia.
In figure 2.13 is described the joint centre of both parent and child bodies, in which reaction
loads acts. In Joint Reaction editor is possible to define a specific or all the joint of the model.
Furthermore, the correspondent child and parent frames relative to the reported forces also could
be defined.
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Figure 2.13: Joint load representation (DeMers et al., 2014). G0 origin of the ground reference
frame; P0 origin of the parent body and reference frame; C0 origin of the child body and reference
frame; P: location of the joint in the parent body; C: location of the joint in the child body; Fp
Joint reaction load on the parent body; Fc Joint reaction load on the child body.
Chapter 3
Materials and methods
Acquire motion data is complex and involves multiple steps that are co dependent of each other. It
is essential to project the experimental protocol, in order to optimize the trials duration in a efficient
way. A workflow showing the sequence of events is given in figure 3.1. Subjects performed drop
jumps from different heights ranging from 30-60 cm in steps of 15 cm. The changes in height
serve as variable to increase the task difficulty and possible loading on knee joint.
Figure 3.1: Project workflow
This section focus on experimental setup, steps and procedures to prepare the subject, data
acquisition, and at least details for data processing and data analysis.
The applied methodology consists in the processing phase, in which all the inputs relative to
the experimental data, musculoskeletal and musculotendon properties were defined. Therefore,
is possible to extract the experimental EMG activation data that will be used in the simulation
validation. Moreover, through the model design, the joint angles and GRF will be possible to
perform the different steps of the musculoskeletal simulation. Figure 3.2 illustrates all the steps
applied in this methodology.
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Figure 3.2: Methodology steps.
3.1 Experimental setup
Drop jumps tasks were performed by one volleyball female athlete (female, age 22, mass 73 kg,
height 1.80 m), in order to collect kinematic and kinetic data as input from OpenSim software.
Moreover, EMG signals were also collected. This athlete was informed before the beginning of
the trials relative to the desired tasks and its risks.
Kinematic data was acquired with 12 Qualisys infrared retroflective cameras (Qualisys AB,
Sweden) at a sampling frequency of 200 Hz. The motion capture markers were attached accord-
ing to a full-body marker set reported by (Jan, 2007). Kinetic data was collected by four force
platforms (Bertec, Columbus, USA) at 2000 Hz. EMG acquired with 10 wireless Trigno sensor
(Delsys Inc. Boston, MA, USA) at a sampling frequency of 2000 Hz. The EMG and force data
was synchronized with the motion capture by mean of an Analog-to-Digital converter. By this
way, temporal alignment was ensured to all equipments during the trials. A set of gym steps were
also used to increase the drop jump height.
3.2 Preparing the subject
In the beginning, it was explained the goals of the thesis to the female athlete, in order to her un-
derstand what kind of task she should perform. Moreover, it was explained that eventual minimal
injury risk could be present on these trials. Then, the female athlete signed a consent form stating
their intention to participate on the trials.
Anatomical measurements were then acquired relative to height, body mass and segments an-
thropometry. Forty three marker and four clusters were positioned at specific anatomical reference
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Figure 3.3: Subject preparation.
points (figure 3.3). The clusters were attached on the shank and thigh of both legs. Moreover, the
subject was fitted with 10 EMG sensors relative to the left and right rectus femoris, quadriceps,
hamstrings and gastrocnemius muscles.
3.3 Trial procedure
These trials were made to evaluate the drop jump movement and their risk to knee joint integrity.
For that, it was collected three drop jumps from different heights, in order to increase knee joint
injury risk. The heights were 30, 45 and 60 cm.
The different phases of these trials are illustrated in figure 3.4. In the first phase it was neces-
sary to calibrate the virtual space, in which the trials will be performed. While this task was done,
the subject performed a warm up which consists in 5 minutes running on the laboratory treadmill.
Then, it was necessary to collect static motion with erect posture, to scale body segments and align
joints (Kar and Quesada, 2013). Static trials were recorded during five seconds. Then the subject
was instructed to perform a drop jump by standing on a gym step, and jump to the force plates
with one foot in each platform. Every jump was repeated three times at each height, in order to
collect the most precise and accurate data.
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Figure 3.4: Drop jump trial procedure.
3.4 EMG data processing
EMG activity from quadriceps and hamstring were processed, from both legs. Generally, EMG
processing in simulation works has a common processing pipeline (Delp et al., 1990; Hamner
et al., 2010; Steele et al., 2012; Gerus et al., 2013; DeMers et al., 2014). First, the raw signal were
band pass filtered (20-1000 Hz), full wave rectified, low pass filtered through a Butterworth fil-
ter(4th order, 40 Hz cut-off frequency), and at least normalized by the maximal isometric contrac-
tions obtained during the trials. Moreover, it was used a RMS approach to convert the normalized
EMG signal in an amplitude envelope.
The bandwidth was (20-1000 Hz) in order to remove electrical noise and biological artefacts
that contaminate the raw signal. The final EMG signal consists in an amplitude envelope that
varies between 0(fully deactivated) and 1(fully activated) (Hamner et al., 2010). This approach
identifies the rapid changes in the muscle activity during such contraction by using short duration
sampling windows. Matlab software was used to perform the applied processing pipeline. In the
figure 3.5, it is described the position of Trignos modules over the analysed muscles.
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Figure 3.5: Trignos position on subject quadriceps, hamstrings and gastrocnemius.
3.5 Kinematic and kinetic data processing
Processing kinematic data was an important step of this work. As mentioned in the previous
chapter, motion data recorded by the markers and Qualysis systems only relies on the individual
markers motion (figure 3.6). First part of this processing was relative to marker labelling according
to its anatomical position. It was selected every marker and gap filled parts were deleted. This
procedure is very important to the software does not assume wrong marker position.
Figure 3.6: Kinematic and kinetic processing steps
Next, it was necessary to create a model on Qualysis software. This model allows the cal-
culation of angles between joints, and is important to process the marker behaviour during the
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trial because increases the visual aspect. Moreover, with the model creation time dispensing was
reduced in the next data trials, once the model by himself will identify the marker label. There-
fore, through a polynomial interpolation method it was analysed the graph fill trajectory of every
marker in order to fill some gaps. By this way it is possible to increase the accuracy of kinematic
data.
OpenSim software needs as input two files with the kinematic and kinetic trail histories respec-
tively. For that, it was necessary assure the compatibility of the experimental data with OpenSim.
Once this does not read c3D files it was used a software capable to export the c3D files to Open-
sim. For this purpose Visual 3D was used. Visual3D exports an OpenSim compatible motion file,
which bypasses the Scaling and Inverse Kinematics (IK) in OpenSim and can be used directly
by the OpenSim Residual Reduction Algorithm. For that, computed scale factors will scale the
OpenSim gait model from the Visual3d static calibration model.
3.6 Model design
In order to perform simulations at the knee level according with our thesis goals, it was necessary
to use a musculoskeletal model that best reproduces knee biological structures. It was used a
generic OpenSim model Gait 2392 (Delp et al., 1990) as starting point. Once this model does not
includes ACL ligaments, patella and patellar tendon, it was necessary to modulate this structures
on the Gait 2392 model. The resultant model is illustrated in the following figure 3.7:
Model degrees of freedom (DOF) included a ball-and-socket joint connecting the pelvis to the
torso, three rotations and three translations of the pelvis, a ball of socket joint at each hip, and
revolute ankle and subtalar joints (Lerner et al., 2015).
Knee joint was defined has 3 rotational and 2 translational DOFs at the sagittal plane (figure
3.8). The rotations includes flexion/extension movements going through the knee joint centre and
perpendicular to the plane. Internal/external rotations were defined as a hinge joint with its axis
going through the ankle joint and knee joint centres. At least, abduction/adduction movements
were defined by two hinge joints, with the axes perpendicular to the tibial frontal plane going
through medial and lateral condyle contact point. The two translational DOFs were defined as the
anterior-posterior and superior-inferior translations of the tibia as a function of knee flexion angle
(Gerus et al., 2013). This movement englobes the translation of the knee joint centre relative to
the origin of the femoral head (Gerus et al., 2013).
The model was driven by 92 muscle-tendon actuators, with muscle geometry and architecture
based on the model of (Delp et al., 1990). Once this study was based on female athletes a scale
factor of 0.75 were used to match its muscle properties according to (Thelen, 2003). Optimal fibre
length and tendon slack length were the same of (Delp et al., 1990). The reason was that female-
to-male height ratio was similar (Thelen, 2003). Every information about the model is described
precisely on the appendix A.
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Figure 3.7: a) Anterior view b) Posterior view.
Figure 3.8: Model axis and knee defined DOFs.
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Furthermore, to test and understand the behaviour of an injury athlete on drop jumps, it was
changed some muscle parameters. For that, it was assumed muscle parameters of an old subject
used in the work of (Thelen, 2003). In addition, optimal fibre length was also changed. The
defined muscle parameters for the injury athlete are represented in the following table 3.1: where
Table 3.1: Muscle parameters for injured model.
τdeact V Mmax εM0 ~FMlen L
M
0 F
M
0
Healthy 50 10 0.6 1.4 - -
Injured 60 8 0.5 1.8 -25% -30%
τdeact is the deactivation time constant, V Mmax the maximum muscle contraction velocity expressed
in optimal fibre lengths ( LM0 ), εM0 the passive muscle strain due to maximum isometric force, ~FMlen
the ratio of maximum lengthening muscle force to isometric force, LM0 the optimal fibre length,
and at least FM0 the muscle maximum isometric force.
Muscle forces were also reduced 30% from values used in female young athletes. This as-
sumption is based on studies that relate the occurrence of knee injuries relative to low capacity
of force generation from some muscles. Quadriceps weakness are the most common scenario in
knee injuries as patellofemoral maltracking and patellofemoral pain Mason et al. (2008); Fulken-
son (2004).
Other important parameter change was relative to optimal fibre length. This property is defined
as the muscle length in which muscles generate maximum force. In injury athletes optimal fibre
length is shorter than healthy athletes, once the muscle generate force at shorter muscle length.
This is characterised as a risk factor for some research authors (Liu et al., 2012).
These muscle properties were assumed to characterize an injury athlete. In this way, it is
possible to compare healthy and injured athletes in drop jumps and collect important muscle,
kinetic and kinematic data. These muscular changes were only applied on quadriceps muscle and
ACL ligament.
3.6.1 ACL modelling
ACL modelling represented on figure 3.9 was based on the work of (Kar and Quesada, 2012)
available on Simtk.org web page. ACL was defined as a passive soft tissue with only one fibre
bundle, once anteromedial (AM) and posterolateral (PL) bundles, were assumed to have similar
characteristics. The insertion point on the body segments were defined on the femur and tibia. The
superior part was attached into the depths of the inter-condyloid part of the femur while the lower
part on the front meniscules of tibia (Kar and Quesada, 2012). It was necessary to scale this tissue
to our subject anthropometry.
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Figure 3.9: ACL modelling:a) Posterior view; b) Lateral view.
3.6.2 Patella and patellar tendon modelling
Patella insertion on the gait 2392 had required a redefinition of the knee mechanism. Initially,
without the presence of the patella, insertions of the quadriceps were handled with moving points
in the tibia frame. In this work, the patella segment (figure 3.10) was articulated with the femoral-
condyle (Seeley et al., 2005). The quadriceps wrapped at the top part of patella (DeMers et al.,
2014; Lerner et al., 2015), and the patellar tendon attach the lower part on the tibial tuberosity (Xu
et al., 2015). This configuration allows the redirection of quadriceps forces to act along the line
of action of the patellar tendon (DeMers et al., 2014; Lerner et al., 2015). The patellofemoral and
tibiofemoral joints were modelled with rotations and translations constrained to the knee flexion
angle.
Figure 3.10: Patella and patellar tendon modelling.
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3.7 Musculoskeletal simulation
Figure 3.11 illustrates the simulations steps that were performed to simulate the drop jump move-
ment. First, Scaling step computes scale factors that will scale the Opensim model to match the
anatomical properties of the subject. Once kinematic and kinetic data processing are associated to
some errors, it is crucial to reduce the residuals that were created. Adjustments on the torso mass
and kinematic filtering were applied through RRA step in order to eliminate this residuals forces.
At this point internal muscle forces and activations were not generated. Static Optimization will
compute these two properties, in order to provide the input files for Analyse tool.
Figure 3.11: Dynamic simulation workflow.
3.8 Drop jump
Drop jump is a common movement to analyse human motion tasks because allows to extract im-
portant information relative to injuries scenarios (Kar, 2011; Dowling et al., 2012; Nyman and
Armstrong, 2015). In volleyball movements, this movement could be seen in two particular sit-
uations: landing from an attacking move and landing from a successful or unsuccessful block
(Zahradnik et al., 2014).
In figure 3.12 could be seen the different phases of drop jump and the forces applied by the
ground on the force plates. The starting phase is relative to an upright position with the hands
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parallel to the torso. Then an eccentric phase begins when the subject reaches the ground flexing
the knees and hips. Following, a concentring phase is characterised by the extension of the knees
and hips with the hands on the waist to jump vertically as high as possible. A minimum stop
between the eccentric and the concentric phases could be verified, which is the result of the energy
stored by the elastic elements of the muscles (Ortega et al., 2010).
Figure 3.12: Drop jump phases and force plates contact forces.
One of the important phases of this jump is the landing phase (Ferretti et al., 1992; Zahradnik
et al., 2014). The typical landing follows a toe-heel pattern, which is characterised by two peaks.
The first corresponds to the initial contact to the ground, and the second one, to the moment when
the heel contacts the ground during the toe-heel landing after the forefoot (Ortega et al., 2010;
Zahradnik et al., 2014).
3.9 Simulation validation
Evaluation the accuracy and credibility of modelling studies is essential to assure the correct as-
sumption between the models and the reality. Modelling the neuromusculoskeletal system and its
corresponding motion is a delicate and complex task. This involves methods to represent multi-
body dynamics, contact forces, musculo-tendon dynamics, musculoskeletal geometry and neural
control (Hicks et al., 2015).
In this work every result of the simulation steps were analyse based on the good practices of
validation reported by (Hicks et al., 2015), and disposable online in www.simtk.org. Kinematic
data were compared between the experimental inverse kinematics and the simulation step RRA.
Muscle activations were compared to experimental EMG in order to evaluate if the two signals
have some similarity.
In addition, it was used Pearson correlation to analyse the relationship between experimental
and simulated data. This methodologies were applied on the data through MATLAB routines.
34 Materials and methods
3.10 Simulation outputs for injury prevention
Based on the review of injury scenarios in the first chapter, a set of parameters were defined to test
their behaviour on drop jumps simulation. Kinematic parameters were relative to hip adduction,
knee flexion/extension, internal/external rotations and valgus/varus angles. ACL properties as fibre
length and power were also analysed. These are important variables, once represent ACL loading
during the time.
Muscle activations relative to hamstrings, quadriceps and gastrocnemius were also calculated.
These activations are important to understand the ratios between hamstrings and quadriceps, and
gastrocnemius and quadriceps, in order to evaluate muscle weakness. These ratios were calculated
based on the following equation:
ratio =
∑mean f lexors
∑meanextensors
(3.1)
where ∑mean f lexors is relative to the sum of the mean value of the flexors, in case of hamstrings
the bicep femoris, and relative to medial and lateral gastrocnemius. ∑meanextensors is relative to the
sum of the mean value of the extensors, relative to quadriceps, most concretely the vastus medialis
and vastus lateralis.
Chapter 4
Results and discussion
In this chapter are presented all the results from the simulations that were performed. It was
analysed in detail every kinematic, kinetic and muscular data, relative to drop jumps at different
heights.
In addition, it was made a comparison between a healthy and an injured athlete, in order to
understand how kinematic, kinetic and muscular patterns vary. More important this information
could be suitable to understand how an injury occurs.
It was selected only the landing phase of drop jump, once is the phase where are more prob-
ability of an injury occur (Ferretti et al., 1992; Zahradnik et al., 2014). It is important to refer
that the peaks represented in the following graphs are correspondent to the maximum value of the
different parameters during the landing phase. This phase is relative to the initial contact with the
ground until the preparation to the second jump (takeoff).
4.1 Simulation validation
Kinematic data were compared between the experimental inverse kinematics (IK) and the simu-
lation step RRA. In the figure 4.1 is the result of the comparison in knee angle flexion. Pearson
correlation calculations showed high accordance between the two steps. For the right knee flexion
was 0.9981 and 0.9986 for right and left leg respectively. These values also mean that the residuals
were low in the simulation.
Static optimization activation values were compared with the EMG experimental data in figure
4.2. Analysing the on/set and off/set of activation values it was possible to conclude that the
values of the simulation show some accordance with the experimental EMG data. However, Static
Optimization ignores activation dynamics represented in 2.7. Hence, electromechanical delay was
not assured and some deviation between experimental and simulated results could be verified.
In addition, it was tested the accuracy of the force values generated by the simulation for the
different muscles. Through the joint reaction, hip joint moments were calculated. As this joint
is a ball-and-socket joint zero values for knee moments should be noted, once no forces could be
produced to constrain the rotation of the femur (DeMers et al., 2014; Hicks et al., 2015). Indeed,
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Figure 4.1: IK and RRA comparison.
Figure 4.2: Comparison experimental EMG with simulated activations.
it was possible to prove this fact in our simulations and validate our results.
4.2 Drop jump trials: Height analysis
4.2.1 Kinematic data
4.2.1.1 Knee angle extension/flexion angles
Low knee flexion angle is considered a risk factor in landing tasks that are associated to ACL
injury and patellar disorders. In figure 4.3 is described the knee flexion angle during the drop
jump at different heights. The peak knee flexion at 30 cm for the right leg was 44.63 degrees and
for left leg was 42.60 degrees. The peak knee flexion at 45 cm for the right leg was 58.12 degrees
and left leg was 54.85 degrees. The peak knee flexion at 60 cm for the right leg was 57.25 degrees
and left leg was 54.41 degrees.
Generally, ACL injuries occur when the knee flexion angle is less than 30 degrees (Dai et al.,
2014; Zahradnik et al., 2014) about 40 ms after initial foot contact with the ground (Krosshaug
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Figure 4.3: Knee flexion/extension angles at different heights.
et al., 2007). According to this data knee flexion angle was ever superior that 30 degrees. It
could be concluded that independent of the height increasing, ACL integrity in these trials were
not compromised. As higher are knee flexion angles, more energy is absorbed by the quadriceps
which preserves the ACL tensile forces (Zahradnik et al., 2014; Nyman and Armstrong, 2015).
It was noted that the peak values from 45 cm were higher that 60 cm trials. This phenomenon
indicate that a threshold peak was reached for knee flexion angle (Kar, 2011). This effect was also
verified in the work of (Peng et al., 2011). Obtained knee flexion angles showed some similarity
with these works (Malfait et al., 2016) and (Bates et al., 2013).
4.2.1.2 Hip abduction/adduction angles
In figure 4.4 is describe the hip adduction angle during the drop jump at different heights. The
peak hip adduction angle at 30 cm for the right leg was 8.40 degrees and for left leg was 0 degrees.
The peak knee hip adduction angle at 45 cm for the right leg was 9.13 degrees and left leg was 0
degrees. The peak hip adduction angle at 60 cm for the right leg was 1.51 degrees and left leg was
0.30 degrees.
In right leg hip adduction angle was higher at 45 cm. A possible reason could be muscle
hamstrings and quadriceps weakness (Powers, 2010). In the left leg it was verified a different
scenario. The subject has a landing phase with more hip adbuction than hip adduction. This
effect was verified in all different heights. Unfortunately, is not well understood in the literature
the effect of hip abduction in knee injuries. Meanwhile, stronger hip abductors show less hip
adduction (Souza and Powers, 2009; Ferber et al., 2011).
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Figure 4.4: Hip abduction/adduction angles at different heights.
4.2.1.3 Knee valgus/varus angles
In figure 4.5 is describe the knee valgus angle during the drop jump at different heights. The peak
knee valgus at 30 cm for the right leg was 2.62 and for left leg was 0.91 degrees. The peak knee
valgus at 45 cm for the right leg was 1.13 degrees and for left leg was 0.11 degrees. The peak knee
valgus at 60 cm for the right leg was 2.61 degrees and for left leg was 0.58 degrees.
Figure 4.5: Knee valgus/varus angles at different heights.
It could be seen that knee valgus is greater at 60 cm in the right and at 30 cm in the left leg.
Higher knee valgus was verified in right leg relative to left leg. In contrast left leg showed higher
knee varus at the initial contact. An exception was the 60 cm trial that showed higher valgus in
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the initial contact. However, following the maximum flexion phase the subject showed that knee
valgus values were higher in both legs. A possible explanation for higher knee valgus in the right
leg may be that, right leg reach the ground first relative to left leg. In this way, supports the body
height in a first phase. In addition, higher hip adduction values were verified in figure 4.4 which
implies higher valgus (Powers, 2010).
These results are in accordance with the work of (Hewett et al., 2005a), in which compared
injured and uninjured athletes in a drop jump landing task at 30 cm. In this work, ACL rupture
occurred at 9 degrees of knee valgus. In comparison, the results of knee valgus of our work were
lower. Similar results were also verified with these works (Bates et al., 2013; Cruz et al., 2013; Kar
and Quesada, 2012) relative to 30 and 45 cm heights . However, it was not seen that knee valgus
is higher as height increases. It could be concluded that 60 cm trial was the most demanding trial.
Indeed, higher knee valgus increase ACL strain and internal forces increasing the probability of
the ACL rupture and patellar disorders occur (Kar and Quesada, 2012; Dai et al., 2014).
4.2.1.4 Knee external/ internal rotations angles
In figure 4.6 is describe the knee internal/external rotations during the drop jump at different
heights. The peak knee external rotation at 30 cm for the right leg was 5.27 degrees and for left
leg was 2.63 degrees. The peak knee external rotation at 45 cm for the right leg was 4.48 degrees
and for left leg was 3.04 degrees. The peak knee external rotation at 60 cm for the right leg was
4.37 degrees and for left leg was 3.59 degrees.
Figure 4.6: Knee external/internal rotations angles at different heights.
At the right leg the knee external rotation was higher at 30 cm. The subject landed at the initial
contact with the ground with higher knee external rotation, in comparison with the others heights.
It was noted that for 45 and 60 cm knee external rotation was higher after the initial contact with
the ground. It is visible a reduction in external rotation as the height is increased.
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In the left leg it was noted a different scenario. The maximum knee external rotation was at
60 cm at the initial contact with the ground. It was verified a reduction in knee external rotation
as lower the height was. Similar results were verified relative with the work of (Bates et al., 2013)
and (Mok et al., 2016) relative to drop jump at 30 cm.
According to (Berger et al., 1998) decreasing in external rotation is more suitable to the pres-
ence of lateral tracking and patellar tilt. He had verified a combined range of tibial and femoral
internal rotation of (1°-4°). In addition (Dai et al., 2014) conclude that internal rotations under
knee flexion angles appeared to be important risk factors for ACL injury. These range of values
were verified in left leg at 30cm. This seems to be the higher risk scenario and evidence the lower
integrity of the left leg in comparison with the right.
4.2.2 Kinetics
4.2.2.1 Tibiofemoral Moments
In figure 4.7 are described the Tibiofemoral moments at different heights. Through these graphs it
is possible to understand the forces that are acting in the femur relative to the tibia. The moments
are relative to the vertical compressive forces.
The peak TF moment at 30 cm for the right leg was 1.195 N and for left leg was 1.788 N. The
peak TF moment at 45 cm for the right leg was 2.788 N and for left leg was 1.335 N. The peak TF
moment at 60 cm for the right leg was 3.587 N and for left leg was 0.7128 N.
Figure 4.7: Tibiofemoral moments at different heights.
In the right leg TF moment was higher at 60 cm. In this specific trials the forces on the
tibiofemoral joint were higher in comparison with the others. This could be a cause effect of
higher height. In the left leg TF moment was higher at 30 cm. However, a difference was noted
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relative to the other heights. This effect was relative to the peak value which occurred at the takeoff
phase.
There is no much information on literature relative to tibiofemoral compressive forces on drop
jumps trials. In comparison with the study of (Tsai et al., 2013) that measure compressive forces
in drop jumps at 35 cm, our results have not showed much accordance. A possible reason for
higher values on the right and left leg could be large compressive forces by the quadriceps as well
as high activations values (Tsai et al., 2013; DeMers et al., 2014). Other explanation for TF higher
moments is relative to higher knee valgus angles (Noyes et al., 2005). This effect is visible in
figure 4.5 in which higher valgus were verified in the right leg at 60 cm.
4.2.2.2 Patellofemoral Moments
In figure 4.8 are described the Patellofemoral moments at different heights. Through these graphs
it is possible to understand the forces that are acting in the femur relative to the patella. The
moments are relative to the vertical compressive forces.
The peak PF moment at 30 cm for the right leg was 7.63 N and for left leg was 6.272 N. The
peak PF moment at 45 cm for the right leg was 8.105 N and for left leg was 7.199 N. The peak PF
moment at 60 cm for the right leg was 6.997 N and for left leg was 5.249 N. In both legs the PF
moment was higher at 45 cm.
Figure 4.8: Patellofemoral Moments at different heights.
These results had some accordance with the work of (Rathleff et al., 2014). Excessive hip
adduction which results in increasing of knee valgus is a reason for higher PF joint stress (Rathleff
et al., 2014). In addition, abnormal femur motion relative to the tibia can increase the joint stress
once decreases the patellofemoral contact area (Powers, 2010). Through the figures of hip adduc-
tion (figure 4.4) and knee valgus(figure 4.5), it could be seen that 45 cm was the higher values. In
this context, the verified PF higher moments at 45 cm were justified.
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4.2.2.3 Ground reaction force
In figure 4.9 are described the ground reaction forces at different heights. These graphs demon-
strate the magnitude of the ground reaction forces in both legs. The peak GRF at 30 cm for the
right leg was 1856 N and for left leg was 1404 N. The peak GRF at 45 cm for the right leg was
2424 N and for left leg was 1262 N. The peak GRF at 60 cm for the right leg was 2317 N and
for left leg was 2069 N. These results show some accordance with the work of (Cruz et al., 2013)
in which had shown that peak vertical GRF happens at 20 % of drop jump. However, it was not
proven the increase on the forces as the height was increased whose was showed by (Kar, 2011).
Figure 4.9: Ground reaction force at different heights.
4.2.3 Muscular analysis
4.2.3.1 ACL power
In figure 4.10 is describe the ACL power during the drop jump at different heights. In these graphs
it is necessary distinct two different peaks. The negative peak means that the ACL is absorbing
energy and the positive peak that ACL is giving energy to the model (Zahradnik et al., 2014).
The positive peak ACL power at 30 cm for the right leg was 43.39 W and for left leg was
24.01 W. The negative peak ACL power at 30 cm for the right leg was 47.76 W and for left leg
was 46.39 W. The positive peak ACL power at 45 cm for the right leg was 48.23 wats and for left
leg was 38.02 W. The negative peak ACL power at 45 cm for the right leg was 65.10 W and for
left leg was 51.49 W. The positive peak ACL power at 60 cm for the right leg was 50.75 W and
for left leg was 49.13 W. The negative peak ACL power at 60 cm for the right leg was 54.84 W
and for left leg was 51.03 W.
Higher values of negative ACL power could compromise the ACL integrity once ACL is ab-
sorbing the energy to the capsule ligamentous (Zahradnik et al., 2014; Nyman and Armstrong,
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Figure 4.10: ACL power at different heights.
2015). It was verified that higher values of negative peak power were reach at the right leg at 45
cm relative to the left leg. This phenomenon could be justified once right leg was the first leg to
land, and in this way it had absorbed the body height at the initial contact.
4.2.3.2 ACL length
In figure 4.11 is describe the ACL length during the drop jump at different heights. As a muscle
contracts is fibre length increases in order to produce force (Brughelli and Cronin, 2007).
The peak ACL length at 30 cm for the right leg was 0.04071 m and for left leg was 0.03966
m. The peak ACL length at 45 cm for the right leg was 0.04066 m and for left leg was 0.03973 m.
The peak ACL length at 60 cm for the right leg was 0.04067 m and for left leg was 0.03983 m.
It was noted that both legs had peak ACL length at initial time of the landing phase. How-
ever, there difference in the peak values. Right leg was higher values at 30 cm and left leg was
higher values at 45 cm. These results are in accordance in the work of (Taylor et al., 2014) which
concluded that peak ACL length occurs at when the knee flexion angle was minimal.
4.2.3.3 Activation ratios
In accordance with some research authors low (H:Q) and (G:Q) activation ratios are considered
as contributors for muscular weakness which compromise knee joint integrity (Ebben et al., 2010;
Kar and Quesada, 2012, 2013). In table 4.1 (H:Q) and (G:Q) activation ratios were calculated.
These results are relative to the stance phase of drop jump.
It was noted that higher ratios were reached at 45 cm in both legs with the exception for H:Q
at the left leg. A possible reason for this phenomenon is that low ratios are correlated with higher
hip adduction and knee valgus values which was visible at 45 cm (Powers, 2010; Harput et al.,
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Figure 4.11: ACL fiber length at different heights.
Table 4.1: Activation ratios.
Right Left
H:Q ratio G:Q ratio H:Q ratio G:Q ratio
30 cm 0,3465 1,1804 0,3738 1,2592
45 cm 0,3006 1,0148 0,5488 0,9391
60 cm 0,4442 1,4606 0,7618 1,0617
2014). Some similarity was verified with the works of (Ebben et al., 2010) and (Kar and Quesada,
2013) once the heights were a little different.
4.2.4 Overview
Through the previous analysis it was possible to identify the most dangerous jump. Drop jump
at 45 cm was considered the risk jump. It was presented higher hip adduction coupled with knee
valgus, low H:Q and G:Q low activation ratios. In addition, it was showed greater ACL Power and
PF moments. All these variables together are considered contributors to ACL and PF injuries. In
the following figures (4.12 and 4.13) it was compiled a review of kinetic, kinematic and muscle
activity of this particular jump.
It was noted that peak muscle activations of hamstrings and quadriceps occurred after the peak
GRF and knee flexion angle. An exception was the right bicep femoris which peaks this activation
at the initial contact with the ground. Apart of this muscle, the others are in accordance with the
work of (Kar and Quesada, 2012) and (Peng et al., 2011). Medial Gastrocnemius had showed high
similarity with the work of (Arai et al., 2016) in drop jumps at 40 cm.
The study of quadriceps and hamstrings muscles during landing phase is very important and
may allow to understand some injury scenarios. As this task involves high loads abnormal quadriceps-
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Figure 4.12: Muscular, kinematic and kinetic overview.
Figure 4.13: Muscular, kinematic and kinetic overview.
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hamstrings activations lead to higher knee and hip valgus moments (Hewett et al., 2005a; Peng
et al., 2011). In addition, low hamstrings to quadriceps activation ratios could traduce muscle
weakness and high compression values from the quadriceps which compromise the stability of
knee joint (Tsai et al., 2013; Harput et al., 2014).
4.3 Comparison of Healthy and Injured athlete
It was concluded previously, that drop jump at 45 cm was the most risk movement. In this context,
it was changed some muscular parameters, in order to understand who an injury athlete reacts
when performs a drop jump at 45 cm of height.
Activation analyses (figure 4.14) was performed at quadriceps, hamstrings, gastrocnemius
muscles and ACL ligament. Through this analyse it was verified similar activations at ACL in
injured and healthy athletes. An exception was high activation at the right healthy leg.
Figure 4.14: Muscle and ACL ligament activations.
Quadriceps activations showed higher activations in the injured athlete in comparison with the
healthy. This phenomenon is inconsistent with the works of (Hart et al., 2010; Palmieri-smith
and Villwock, 2013) which related that patients with patellofemoral pain demonstrate decreased
muscular activation. A possible reason for this fact may be muscular extra activation, in order to
compensate the lack of muscular force production. It was not verified a delay in the activation of
vastus medialis relative to the vastus lateralis which was reported in athletes with patellofemoral
disorders (Pal et al., 2014).
The obtained results had shown some accordance relative to the works of (Hewett et al., 2005a;
Myer et al., 2005) during landing tasks. According to them, lateral quadriceps increasing activa-
tion leads to increased anterior shear force and ACL strain during landing. Moreover, decreased
hamstrings activity combine with increased quadriceps activity may increase energy absorption
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during landing which is related to ACL injury (Hewett et al., 2005a). This phenomenon is veri-
fied in the graphs of ACL power (figure 4.15a)) which showed more energy absorption by injured
athletes.
Figure 4.15: ACL power and length comparison.
Other noted occurrence was that injured subject was lower ACL fibre length , in comparison
with the healthy subject (figure 4.15b)).. A possible explanation for this effect is that injured
athletes contract their muscle with less muscle length in comparison with healthy athletes (Liu
et al., 2012). A possible impact of this phenomenon is a drastic reduction of ACL force production
illustrated in figure 4.16.
In table 4.2 is related the H:Q and G:Q activation ratios. As expected healthy athletes presented
higher ration relative to the injured athletes. Moreover, and in order to improve the accuracy of this
analysis it was plotted (figure 4.16) muscular forces of quadriceps and hamstrings muscle, as well
as ACL ligament. Force generation of each muscle decreased in the specific strength (force/area).
Table 4.2: H:Q and G:Q activation ratios.
Right Left
H:Q ratio G:Q ratio H:Q ratio G:Q ratio
Healthy 0,3006 1,0148 0,5488 0,9391
Injured 0,2853 0,4085 0,2684 0,3258
These results evidence that injured athletes show muscle weakness and quadriceps dysbalance
which traduces in higher hip adduction and consequently knee valgus. In addition, lack of force
production in quadriceps traduces patellar instability, once the patella is not well stabilized on
the trochlear groove (Sawatsky et al., 2012). Consequently, patellar tilt and higher contact forces
could be verified leading to patellofemoral joint cartilage stress resulting in pain (Petersen et al.,
2014).
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Figure 4.16: Muscle forces comparison.
4.4 Preventive programmes
Feedback trainings are emerging as a simplest and quick methodology for injury prevention and
training performance (Munro et al., 2008; Munro and Herrington, 2014). The use of simple ver-
bal feedback decreases knee valgus angles, moments, and vertical reaction forces during landing
tasks according to (Munro and Herrington, 2014). Other authors believe that specific warm up
programmes may reduce some lower limbs disturbances (Distefano et al., 2016). Furthermore,
the use of video tapes to complement the verbal instructions is considered an efficient way to im-
prove landing mechanism in sports movements (Munro and Herrington, 2014). In fact, ACL and
patellofemoral injuries may also be decreased with specific trainings, based on hip and quadriceps
muscles strengthen. Moreover, techniques based on the dissipation of the higher landing loads
could also be beneficial.
4.5 Limitations
There are some limitations that should be related on this work. First, it was not used an isometric
maximum voluntary contraction (MVC) method to normalize the collected EMG data. Moreover,
some simplifications on musculoskeletal model were also verified. These are linked to muscu-
loskeletal geometry. For instance, the geometry of the muscle is typically reduced to one or more
line segments.
A second limitation is relative to muscle reserve actuators that act when muscle forces cannot
produce force to generate movement. This reserve forces influence the Static Optimization step,
in such way that is not possible to eliminate the presence of this reserves in activations and muscle
forces results.
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A third limitation was not to estimate bone segment geometry based on MRI images of the
subject. By this way, musculoskeletal model reality would be higher as well as simulations re-
sults accuracy. At least, more knee ligaments should be introduced on the model as the Posterior
cruciate ligament (PCA) and knee retinaculum.
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Chapter 5
Conclusion and future work
The purpose of this study was to analyse dynamic knee variables in female athletes during drop
jumps trials, in order to prevent knee injuries. These variables were relative to kinematic, kinetic
and muscle data. Specifically, it was selected only the landing phase which is considered the most
suitable for an injury occur.
Drop jumps simulated results showed different patterns for the different heights. A linear
increasing in the variables as the heights were higher and leg symmetry was not verified. It was
concluded that drop jump at 45 cm was the most dangerous trial. Indeed, it was verified higher hip
adduction coupled with knee valgus, low H:Q and G:Q low activation ratios. In addition, it was
showed greater ACL Power and PF moments.
Comparing injured with healthy athletes, it was visible muscle weakness and consequently
lack of muscle force production. In addition, it was verified higher activations of quadriceps
muscles and higher ACL energy absorption. These phenomenons had high impact on knee joint.
All these variables together are considered contributors to ACL and PF injuries. Meanwhile,
hip adduction coupled with knee valgus has more impact at knee joint, once has a cause effect in
the others variables.
Despite this results several future work should be done in order to access more powerful and
accurate data. It is essential to perform a forward dynamic simulation. Through this simulation
tool is possible to provide acceleration of joint coordinates to advance motion one step ahead in
time by an integration scheme. Hence, with this tool we can change muscular parameters and then
evaluate what effects this change will have in body kinematics. In addition, activation dynamics
could be computed which was not verified in Static Optimization.
Furthermore, professional athletes should be integrated in this trials to evaluate their behaviour.
More important, will be the analyses of the muscle fatigue that are associated to the number of
games performed in a normal volleyball season. Other jumps as coutermovement and squats jumps
should also be analysed.
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Appendix A
Model properties
In table A.1 and figure A.1 it is represented the standard values of the gait2392 model. Through
these values our model was scaled, in order to match the subject characteristics and anthropometry.
Table A.1: Model parameters.
Body Segments Moments of inertiaxx yy zz
Torso 34,2366 1,4745 0,7555 1,4314
Pelvis 11,777 0,1028 0,0871 0,0579
Right femur 9,3014 0,1339 0,0351 0,1412
Right tibia 3,7075 0,0504 0,0051 0,0511
Right patella 0,0862 0,00000287 0,00001311 0,00001311
Right talus 0,1000 0,0010 0,0010 0,0010
Right calcaneus 1,250 0,0014 0,0039 0,0041
Right toe 0,2166 0,0001 0,0002 0,0010
Left femur 9,3014 0,1339 0,0351 0,1412
Left tibia 3,7075 0,0504 0,0051 0,0511
Left patella 0,0862 0,00000287 0,00001311 0,00001311
Left talus 0,1000 0,0010 0,0010 0,0010
Left calcaneus 1,250 0,0014 0,0039 0,0041
Left toe 0,2166 0,0001 0,0002 0,0010
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Figure A.1: Maximum isometric force of the muscles on the model.
Appendix B
Athlete consent
In figure B.1 is illustrated the consent signed by the female athlete on these trials.
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Figure B.1: Consent document
